Abstract: Inositol polyphosphatases (IPPases) play an important role in the metabolism of inositol polyphosphates, a class of molecules involved in signal transduction. Here we characterize 2 new protein tyrosine phosphatase-like IPPases (PhyAsl and PhyBsl) cloned from Selenomonas lacticifex that can hydrolyze myo-inositol hexakisphosphate (InsP 6 ) in vitro. To determine their preferred substrates and stereospecificity of InsP 6 dephosphorylation, a combination of kinetic and high-performance ion pair chromatography studies were conducted. Despite only 33% amino acid sequence identity between them, both enzymes display strict specificity for IPP substrates and cleave InsP 6 primarily at the D-3-phosphate position (>90%). Furthermore, both enzymes predominantly degrade InsP 6 to Ins(2)P via identical and very specific routes of dephosphorylation (3,4,5,6,1). Despite these similarities, PhylAsl is shown to have a slight kinetic preference for the major inositol pentakisphosphate intermediate in its InsP 6 hydrolysis pathway, whereas PhyBsl displays a unique and substantial preference for an inositol tetrakisphosphate intermediate.
Introduction
myo-Inositol polyphosphates (IPPs) make up a group of phosphorylated inositols that are recognized as ubiquitous products of inositol metabolism (Sasakawa et al. 1995) . IPPs have been recognized as having novel metabolic effects, and their biological importance in eukaryotic cells has been well-established (Irvine 2005; Sasakawa et al. 1995; Shears 2001) . The most abundant IPPs in most cells are the higher IPPs, myo-inositol hexakisphosphate (InsP 6 ) and myoinositol pentakisphosphate (InsP 5 ) (Sasakawa et al. 1995) . Inositol polyphosphatases (IPPases) can catalyze the release of orthophosphate from IPPs and contribute to their regulation. IPPases that can hydrolyze InsP 6 have commonly been grouped together as phytases (Mullaney and Ullah 2003) , but the diversity of their structural, biochemical, and stereospecific characters is good evidence for the variety of roles played by these enzymes (Konietzny and Greiner 2002) . Four distinct classes of phosphatases have been characterized in the literature as having phytase activity: histidine acid phosphatases, b-propeller phytases, purple acid phosphatases (Mullaney and Ullah 2003) , and most recently, protein tyrosine phosphatase (PTP)-like IPPases (Chu et al. 2004; Puhl et al. 2007 Puhl et al. , 2008 .
PTP superfamily enzymes have been discovered in a range of prokaryotes, and most appear to serve roles similar to their better known eukaryotic counterparts as regulators of cellular function (Kennelly and Potts 1999; Shi et al. 1998) . A PTP-like IPPase from Selenomonas ruminantium (PhyAsr) has a PTP-like structure and active site signature sequence that facilitate a classical PTP mechanism of dephosphorylation (Chu et al. 2004; Puhl et al. 2007) , and has sequence similarity with a PTP-like domain of a type III secreted virulence protein from Pseudomonas syringae (Puhl et al. 2008) . Like many PTP superfamily enzymes (Zhang 2002) , the exact biological substrates and roles of bacterial PTP-like IPPases are yet to be identified. Also, to our knowledge, the role of IPPs in prokaryotic systems has not been well investigated. Here we report the characterization of two new PTP-like IPPases cloned from Selenomonas lacticifex (phyAsl and phyBsl). We have investigated gene expression in the natural host, as well as the biochemistry, substrate specificity, kinetic parameters, and stereospecificity of InsP 6 hydrolysis of the recombinant gene products. In addition, a putative mammalian PTP is discussed that has sequence similarity with bacterial PTP-like IPPases, which we might understand better by furthering our knowledge of its bacterial counterparts.
Materials and methods

Gene cloning
Selenomonas lacticifex (ATCC 49690) genomic DNA was digested with PstI (phyAsl) or EcoRI (phyBsl). Isolation of the subgenomic DNA corresponding to the approximate size of the phytase-containing fragments was performed as described previously (Puhl et al. 2008) . To clone phyAsl, gelpurified subgenomic DNA containing the gene was ligated into the PstI site of dephosphorylated pBluescript II SK (+) (Stratagene, La Jolla, California). Inverse PCR primers were generated from the known internal phyAsl partial sequences (Nakashima et al. 2007 ). These were used in conjunction with M13 and T7 universal primers to generate PCR products from the ligation products corresponding to regions of phyAsl straddling the known sequence. To clone phyBsl, gel-purified subgenomic DNA containing the gene was selfligated to form circular products. The intramolecular ligation product was used as a template for inverse PCR with primers generated from the known, internal phyBsl partial sequences (Nakashima et al. 2007 ). The PCR products from each gene were ligated into pGEM-T Easy (Promega Corp., Madison, Wisconsin) and sequenced by automated cycle sequencing at the University of Calgary Core DNA and Protein Services facilities.
Homology searches in GenBank (Fassler et al. 2000) were done using BLAST (Altschul et al. 1990 ) and preliminary sequence alignments were generated using CLUSTAL W 1.82 (Chenna et al. 2003) . Alignment optimization was carried out with GeneDoc (Nicholas et al. 1997 ) using methods for comparative structure-based sequence alignments (Greer 1981) and the experimentally determined structure of a PTPlike IPPase from S. ruminantium (PDB accession No. 2B4P). Secondary structure predictions were generated with SSpro using recurrent neural networks (Pollastri et al. 2002) on the SCRATCH web server (Cheng et al. 2005) .
Expression in Selenomonas lacticifex
Selenomonas lacticifex was cultured anaerobically (100% Step RT-PCR kit according to the manufacturer's instructions (Qiagen Inc.). The experiments always included a non-DNase treated positive control and a heat-killed reverse transcriptase negative control.
Recombinant expression constructs
The regions coding for the mature S. lacticifex IPPases (PhyAsl and PhyBsl; residues 33-342 and 38-295, respectively) were amplified from genomic DNA using PCR. The predicted signal peptide sequences were determined with SIGNAL P 3.0 (Bendtsen et al. 2004; Nielsen et al. 1997) . phyAsl and phyBsl expression primers included an NdeI (forward primer) and XhoI (reverse primer) site and a 5' GC cap. The PCR products were digested with NdeI and XhoI and ligated into similarly digested pET28b (Novagen Inc., San Diego, California). Constructs were verified with automated cycle sequencing.
Protein production and purification
Escherichia coli BL21 (DE3) cells (Novagen Inc.) were transformed with the phyA and phyB expression constructs. Overexpression was carried out according to the instructions in the pET Systems manual (Novagen Inc.). Cells were induced with the addition of IPTG to a final concentration of 1 mmol/L and incubated for 6 h at 37 8C (PhyAsl) or at 25 8C for 4 h (PhyBsl). Induced cells were harvested and resuspended in lysis buffer (20 mmol/L KH 2 PO 4 (pH 7), 600 mmol/L NaCl, 15 mmol/L imidazole, 1 mmol/L b-mercaptoethanol (BME), and one Complete Mini, EDTA-free protease inhibitor tablet (Roche Applied Science, Laval, Quebec)). Cells were disrupted by sonication and debris was removed by centrifugation. The protein was purified to homogeneity using Ni 2+ -NTA spin columns according to the supplied protocol (Qiagen Inc.). Protein was washed on the column with lysis buffer, and then with wash buffer No. 2 (20 mmol/L KH 2 PO 4 (pH 7), 300 mmol/L NaCl, 10% (v/v) glycerol, 15 mmol/L imidazole, and 1 mmol/L BME). Protein was eluted with lysis buffer containing 350 mmol/L of imidazole. Homogeneity was confirmed on a 12% (m/v) SDS-polyacrylamide separating gel (SDS-PAGE) with a 4% (m/v) stacking gel (Laemmli 1970 ) that were stained with Coomassie Blue R-250. The purified protein was dialyzed into 20 mmol/L Tris-HCl (pH 7), 300 mmol/L NaCl, 0.1 mmol/L EDTA, and 5 mmol/L BME and stored at 4 8C, or dialyzed into 50 mmol/L NH 4 (CO 3 ) 2 (pH 8), lyophilized, and stored at -20 8C. The theoretical molecular mass (M r ) and extinction coefficients of the proteins were determined using PROT PARAM (Gasteiger et al. 2005) . Concentration of protein solutions were determined by measuring the absorbance at 280 nm.
Assay of enzymatic activity and quantification of the liberated phosphate
Standard phosphatase assay mixtures consisted of a 600 mL buffered substrate solution and 150 mL of a 25 nmol/L (PhyAsl) or 200 nmol/L (PhyBsl) enzyme solution. The buffered substrate solution contained 50 mmol/L Na-acetate (pH 4.5) and 2 mmol/L Na-phytate. Ionic strength (I) was always held constant at 0.2 mol/L with NaCl, or to examine the effect of I, varied from 0 to 0.8 mol/L with NaCl. To determine the effect of pH, activity was measured at a range of pH values with overlapping buffer systems: (50 mmol/L) glycine (pH 2-3), formate (pH 3-4), Na-acetate (pH 4-6), imidazole (pH 6-7), and Tris-HCl (pH 7-8). Substrate specificity was determined by replacing InsP 6 in the standard assay for various other phosphoester containing substrates, i.e.,
ATP, ADP, pyrophosphate, D-fructose-1,6-diphosphate, D-fructose-6-phosphate, D-glucose-6-phosphate, and D-ribose-5-phosphate. Kinetic parameters were determined with the standard assay and a variable concentration (0.025-2mmol/L) of InsP 6 or another of the IPPs tested.
Following an incubation period (1 min for PhyAsl and 2 min for PhyBsl), the reactions were stopped and the liberated phosphate was quantified using a modified ammonium molybdate method (Yanke et al. 1999 ) or a modified Heinonen-Lahti method (Heinonen and Lahti 1981) as described previously (Puhl et al. 2007 (Puhl et al. , 2008 . Activity (U) was expressed as mmol phosphate liberated per minute. All assays were run in triplicate with at least 3 independent replicates performed for each investigation; mean values have been reported. The steady-state kinetic constants (K m and k cat ) were calculated from Michaelis-Menton plots. The data was analyzed with nonlinear regression using SIGMA-PLOT 8.0 (Systat Software Inc., Point Richmond, California).
Preparation of individual myo-inositol phosphate isomers
Phytases from Aspergillus niger, E. coli, and rye were used to generate 1D-Ins(1,2,4,5,6)P 5 , 1D-Ins(1,2,5,6)P 4 , and 1D-Ins(1,2,6)P 3 from InsP 6 . These isomers and the InsP 5 generated by PhyAsl and PhyBsl were prepared as described previously (Greiner et al. 2002a (Greiner et al. , 2002b .
Identification of enzymatically formed hydrolysis products
Standard phosphatase assays were run, and the periodically stopped reactions were resolved on a high-performance ion chromatography system (HPIC) using a Carbo Pac PA-100 (4 mm Â 250 mm) analytical column (Dionex; Sunnyvale, California) and a gradient of 5%-98% HCl (0.5 mol/L, 0.8 mL/min) as previously described (Skoglund et al. 1998) . The eluants were mixed in a postcolumn reactor with 0.1% (m/v) Fe(NO 3 ) 3 in a 2% (m/v) HClO 4 solution (0.4 mL/min) (Phillippy and Bland 1988) . The combined flow rate was 1.2 mL/min. myo-Inositol monophosphates were produced by incubation of 1.0 U of enzyme with a limiting amount (0.1 mmol) of InsP 6 in a final volume of 500 mL of 50 mmol/L NH 4 -acetate. The end products were identified using a gas chromatograph (GC) coupled with a mass spectrometer (MS) as previously described (Greiner et al. 2002a (Greiner et al. , 2002b .
Results and discussion
Gene analysis
Two separate DNA fragments were isolated from S. lacticifex, each containing a complete open reading frame (ORF) with homologues in GenBank that are PTP-like IPPases and putative PTPs. These genes have been designated phyAsl and phyBsl (GenBank accession Nos. DQ257450 and DQ257444, respectively). The predicted gene products of phyAsl and phyBsl have 33% sequence identity with one another, 54% and 31% identity, respectively, with PhyAsr (Chu et al. 2004; Puhl et al. 2007) , and 31% identity with PhyAsrl (Puhl et al. 2008) (Fig. 1) . Sequence conservation is most notable in the region containing the PTP-like active site signature sequence. Secondary structures predicted for PhyAsl and PhyBsl were found to align well with the experimentally determined structure of PhyAsr on the sequence alignment (data not shown). The sequence and predicted secondary structure similarity and conservation of the active site signature sequence suggest that these enzymes have a similar three-dimensional structure and a common mechanism of catalysis. The gene products of phyAsl and phyBsl contain predicted N-terminal signal peptide sequences, suggesting the enzymes are secreted, consistent with other previously characterized bacterial PTP-like IPPases (Puhl et al. 2007 (Puhl et al. , 2008 .
Interestingly, BLAST analysis with the predicted amino acid sequence of PhyBsl has revealed a mammalian protein with some sequence similarity to PTP-like IPPases. Paladin (GenBank acc. No. NP_038781) is a putative PTP, and its detection in the cDNA libraries of many mammals suggest it is broadly expressed. Sequence analysis suggests that paladin contains two PTP-like domains, and the C-terminal domain has some similarity with PhyBsl (14% identity). A structure-based sequence alignment was generated with the sequences of all PTP-like IPPases characterized to date and the similar domain from paladin (Fig. 1) . Although the overall identities are low, sequence similarity between PhyBsl and paladin is found in regions that are also highly conserved amongst other bacterial PTP-like IPPases. Moreover, paladin's predicted secondary structures align well with PTP-like IPPases within the PTP-like domain, except for an insertion of multiple a helices near the C terminus. The biological role of paladin is unknown; it is possible that our growing knowledge of bacterial PTP-like IPPases might offer insight into understanding the biology of paladin and its eukaryotic homologues.
Expression of a phytase gene from A. niger was previously determined to be controlled at the level of mRNA accumulation in response to inorganic phosphate levels (Van Hartingsveldt et al. 1993 ). Here, RT-PCR was used to determine if inorganic phosphate in the growth medium could influence the expression of phyAsl or phyBsl by S. lacticifex. The results of the RT-PCR experiment indicated that both genes were transcribed even when cultures were grown in the presence of excess inorganic phosphate and InsP 6 was excluded (data not shown), suggesting that PhyAsl and PhyBsl are not simply phosphate scavengers.
Analysis of the recombinant gene product
Following induction with IPTG, overproduction of polypeptides with M r of~35 kDa (PhyAsl) and 32 kDa (PhyBsl) were observed with SDS-PAGE. This is consistent with the mass predicted from the sequences of the recombinant proteins (predicted M r = 35 and 31 kDa, respectively). The Ni 2+ -NTA purification resulted in PhyAsl and PhyBsl with >99% homogeneity in a single step, as determined by SDS-PAGE and Coomassie Blue staining (data not shown).
The specific activity of the enzymes toward InsP 6 as a substrate was examined. PhyAsl can hydrolyze InsP 6 with a maximum specific activity of 440 UÁmg -1 . PhyBsl can also dephosphorylate InsP 6 and does so with a specific activity of 12 UÁmg -1 . The highest specific activity towards InsP 6 reported to date from a PTP-like enzyme was displayed by PhyAsr (668 UÁmg -1 ) (Puhl et al. 2007 ).
Biochemical profiles and substrate specificity
The pH, temperature, and I dependence of activity were determined (Fig. 2) . Similar to other PTP superfamily enzymes, both PhyAsl and PhyBsl display a dependence on I, suggesting electrostatic interactions are important for activity. Despite the fact that all enzymes are sensitive to salt concentration over some range, the substantial charge carried by IPP substrates and the highly charged substratebinding pocket of many PTP-like and non-PTP-like IPPases Fig. 1 . Amino acid sequence alignment of bacterial protein tyrosine phosphatase-like inositol polyphosphatases and paladin. Shading is according to alignment consensus as given by GeneDoc (black, 100%; dark grey, 80%; light grey, 60%) with similarity groups enabled. The protein abbreviation, source, GenBank accession No., and residues included in the alignment are as follows: PhyAsr, Selenomonas ruminantium, AAQ13669, 39-346; PhyAsrl, Selenomonas ruminantium subsp. lactylitica, ABC69359, 24-321; PhyAsl, Selenomonas lacticifex, ABC69367, 34-342; PhyBsl, Selenomonas lacticifex, ABC69361, 26-295; and paladin, Mus musculus L. 1758, NP_038781, 491-847. Numbering is according to the sequence of PhyAsr found in GenBank. The PTP-like signature sequence and the conserved upstream aspartic acid are identified by asterisks. Secondary structures are identified for PhyAsr (PDB accession: 1DKQ) above the sequences and paladin (predicted) below the sequences. Arrows represent b strands and boxes indicate a helices.
likely exacerbates this effect (Puhl et al. 2007 (Puhl et al. , 2008 . For this reason, I was strictly controlled in all components of this study. Both PhyAsl and PhyBsl display pH dependence similar to other PTP-like IPPases with optima at pH 4.5 (Puhl et al. 2007 (Puhl et al. , 2008 . Optimal IPPase activity was displayed at 40 8C for PhyAsl and 37 8C for PhyBsl, lower than previously characterized PTP-like IPPases that have displayed optimal activity above 55 8C (Puhl et al. 2007 , Note: BCIP, 5-bromo-4-chloro-3-indolyl phosphate; InsP 6 , myo-inositol hexakisphosphate; pNPP, p-nitrophenyl phosphate; and LD, lower than is detectable with our assay. Fig. 3 . High-perfomance ion chromatography analysis of the products of InsP 6 hydrolysis by (A) PhyAsl and (B) PhyBsl. The sources of the reference myo-inositol phosphates in the profile is as indicated in Skoglund et al. (1998) . Peaks: 1, 1D/L-Ins(1,2,4,5,6)P 5 ; 2, 1D/L-Ins(1,2,3,4,5)P 5 ; 3, Ins(1,2,3,4,6)P 5 ; 4, Ins(2,4,5,6)P 4 ; 5, 1D/L-Ins(1,2,5,6)P 4 ; 6, 1D/L-Ins(1,2,3,4)P 4 ; 7, 1D/L-Ins(1,2,4,6)P 4 ; 8, 1D/L-Ins(1,4,5)P 3 , 1D/L-Ins(2,4,5)P 3 ; 9, 1D/L-Ins(1,2,6)P 3 , Ins(1,2,3)P 3 ; 10, 1D/L-Ins(1,2,4)P 3 ; and 11, 1D/L-Ins(1,2)P 2 , Ins(2,5)P 2 , 1D/L-Ins(4,5)P 2 . Relative incubation times are indicated next to each chromatogram. Peaks representative of major pathway intermediates are labelled accordingly. Table 2 . Kinetic parameters for enzymatic myo-inositol polyphosphate dephosphorylation by PhyAsl and PhyBsl where values given represent the mean ± standard deviation (SD) of at least three separate experimental runs.
PhyAsl PhyBsl , catalytic efficiency; and ND, not determined.
*Generated by the respective IPPase from Selenomonas lacticifex. 2008). PhyAsl and PhyBsl both showed relatively strict specificity for IPP substrates, similar to other characterized PTP-like IPPases (Puhl et al. 2007 (Puhl et al. , 2008 (Table 1) .
InsP 6 hydrolysis and kinetic properties
To identify the IPP products generated by PhyAsl and PhyBsl catalyzed dephosphorylation of InsP 6 , purified enzyme was incubated with excess InsP 6 for 30 min, 60 min, and 24 h; the stopped reaction was then resolved by isomer-specific HPIC (Fig. 3) . Following a 30 min incubation with either enzyme, the quantity of InsP 6 had decreased, and 1D/L-Ins(1,2,4,5,6)P 5 appeared as the major InsP 5 product (>90%), along with trace amounts of 1D/LIns(1,2,3,4,5)P 5 and Ins(1,2,3,4,6)P 5 . This indicates that PhyAsl and PhyBsl both initiate hydrolysis primarily at the 1D/L-3 phosphate position. After 60 min of incubation with PhyAsl, no InsP 6 remained, 1D/L-Ins(1,2,4,5,6)P 5 was still the major InsP 5 product, and large amounts of 1D/LIns(1,2,5,6)P 4 and 1D/L-Ins(1,2,6)P 3 and (or) Ins(1,2,3)P 3 had been produced. Following a 60 min incubation with PhyBsl, large amounts of 1D/L-Ins(1,2,6)P 3 and (or) Ins(1,2,3)P 3 and 1D/L-Ins(1,2)P 2 and (or) Ins(2,5)P 2 and (or) 1D/L-Ins(4,5)P 2 had been produced, but there was no detectable InsP 6 , InsP 5 , or InsP 4 products. Both PhyAsl and PhyBsl required extended incubation times (24 h) to dephosphorylate InsP 6 to predominantly InsP 2 products.
To elucidate the enzyme-substrate affinities, and to determine the specific InsP 5 isomers generated, we determined the catalytic properties of recombinant PhyAsl and PhyBsl (Table 2 ). The specific activities of the enzymes as a function of substrate concentration are consistent with a classic Michaelis-Menton enzyme mechanism. The apparent k cat and K m values for PhyAsl with InsP 6 as a substrate are 256 s -1 and 309 mmol/L, respectively, and those of PhyBsl are 18 s -1 and 582 mmol/L, respectively. These values are within the characterized range of other PTP-like IPPases (Puhl et al. 2007 (Puhl et al. , 2008 . The k cat and K m for the PhyAsl catalyzed hydrolysis of the InsP 5 produced by PhyAsl are 279 s -1 and 283 mmol/L, respectively. These values are nearly identical to the k cat and K m for the PhyAsl catalyzed hydrolysis of 1D-Ins(1,2,4,5,6)P 5 (272 s -1 and 278 mmol/L, respectively), suggesting they are the same IPP substrate. Similarly, the k cat and K m for the PhyBsl catalyzed hydrolysis of the InsP 5 produced by PhyBsl are 23 s -1 and 542 mmol/L, respectively. These values are nearly identical to the k cat and K m for the PhyBsl catalyzed hydrolysis of 1D-Ins(1,2,4,5,6)P 5 (21 s -1 and 533 mmol/L, respectively). Based on the position of the first phosphate hydrolyzed, 3 types of phytases are recognized by the Enzyme Nomenclature Committee of the International Union of Biochemistry, i.e., 3-phytase (EC 3.1.3.8), 6-phytase (EC 3.1.3.26), and 5-phytase (EC 3.1.3.72). Here, HPIC and kinetic analysis indicate that both PhyAsl and PhyBsl initiate hydrolysis of InsP 6 primarily at the 1D-3 (>90%) phosphate position. The PTP-like IPPases PhyAsr and PhyAsrl were previously shown to display 1D-3 and 5-phytase activity, respectively (Puhl et al. 2007 (Puhl et al. , 2008 .
Interestingly, only small amounts of InsP 4 products could be detected after a 30-min incubation with PhyBsl, but large amounts of InsP 3 products were resolved. Shorter incubation times (10 and 20 min) were used in an attempt to identify the major InsP 4 intermediates generated. Only small amounts of InsP 4 products could be detected after any tested period of incubation (Fig. 3) . This suggested that PhyBsl could hydrolyze the InsP 4 intermediate at a much faster rate than the InsP 5 or InsP 3 intermediates. Because the InsP 4 intermediates could not be isolated in sufficient amounts for kinetic studies, the enzyme-substrate affinity and maximal rates of hydrolysis were determined for the most probable InsP 4 and InsP 3 intermediates as predicted from HPIC (Table 2 ). In comparison with the other IPPs tested, the catalytic efficiency (k cat and K m -1 ) of PhyBsl with 1D-Ins(1,2,5,6)P 4 as a substrate is substantially higher. In this regard, PhyBsl is unlike all previously characterized bacterial PTP-like IPPases that have all displayed a slight preference for the more highly phosphorylated substrates (Puhl et al. 2007 (Puhl et al. , 2008 .
The end products of InsP 6 degradation were determined by incubating excess protein with a limiting substrate concentration. The results of a GC-MS analysis revealed that the end product for both enzymes was Ins(2)P. At pH 5, InsP 6 is expected to have 5 equatorial phosphates (positions 1, 3, 4, 5, 6) and 1 axial phosphate (position 2) (Isbrandt and Oertel 1980) , suggesting that these enzymes have the ability to cleave only equatorial phosphates from IPP substrates. To date, all characterized PTP-like phytases have the ability to liberate all 5 equatorial phosphate groups of InsP 6 (Puhl et al. 2007 (Puhl et al. , 2008 . HPIC and kinetic analysis indicate that PhyAsl and PhyBsl follow the identical major routes of InsP 6 dephosphorylation to produce Ins(2)P, i.e., InsP 6 , 1D-Ins(1,2,4,5,6)P 5 , 1D-Ins(1,2,5,6)P 4 , 1D-Ins(1,2,6)P 3 , and 1D-Ins(1,2)P 2 (Fig. 4) . With >90% of the pathway intermediates produced via a single and precise route of hydrolysis, PhyAsl and PhyBsl have relatively specific InsP 6 degradation pathways. To date, all characterized bacterial PTP-like IPPases display stringent stereospecificity in regards to their dephosphorylation of IPPs (Puhl et al. 2007 (Puhl et al. , 2008 .
